Heterochromatin domains play important roles in chromosome biology, organismal development 26 and aging. In the fission yeast Schizosaccharomyces pombe and metazoans, heterochromatin is marked 27 by histone H3 lysine 9 dimethylation. While factors required for heterochromatin have been identified, 28 the dynamics of heterochromatin formation are poorly understood. Telomeres convert adjacent 29 chromatin into heterochromatin. To form a new heterochromatic region in S. pombe, an inducible DNA 30 double-strand break (DSB) was engineered next to 48 bp of telomere repeats in euchromatin, which 31 caused formation of new telomere and gradual spreading of heterochromatin. However, spreading was 32 highly dynamic even after the telomere had reached its stable length. The system also revealed the 33 presence of repeats located at the boundaries of euchromatin and heterochromatin that are oriented to 34 allow the efficient healing of a euchromatic DSB to cap the chromosome end with a new telomere. 35
Introduction 40
A central question in eukaryotic biology is the establishment and maintenance of chromatin 41 domains, i.e. regions of nucleosomal DNA where the histone composition and spectrum of post-42 translational modifications are similar. As embryonic cells differentiate, cell type-specific gene 43 expression is established in part by the establishment and maintenance of chromatin domains (e.g. 44 changes in the globin locus in hematopoietic cells, X-chromosome inactivation in females mammals (1, 45 2)). Chromatin domain reorganization also occurs during tumorigenesis as cells transform into rapidly 46 growing cancers (3). Heterochromatin domains, marked in part by nucleosomes with di-and tri-47 methylation of lysine 9 of histone H3 (H3K9me2 or 3), have been intensely studied for their role in 48 chromosome biology. Heterochromatin domains are known for silencing gene expression (4), and can 49 be induced during mammalian cell senescence and aging to form senescence-associated heterochromatin 50 foci containing H3K9me2 (5-7). Heterochromatin also plays an important role at centromeres, the 51 chromosomal structure required for chromosome segregation at mitosis, as centromeric chromatin is 52 flanked by heterochromatin domains that are required for complete function (8) (9) (10) (11) . While many of the 53 factors required to maintain heterochromatin have been identified, the dynamics of how heterochromatin 54 domains assemble and disassemble have remained long-standing, major questions that are only now 55 being investigated (12) (13) (14) . 56
Telomeres, the physical ends of chromosomes, are a second chromosomal structure bordered by 57 heterochromatin. In yeast, humans and many other eukaryotes, telomeres consist of simple DNA 58 repeats bound by specific proteins. These repeats and their associated proteins provide the first 59 discovered essential function of telomeres: "that of sealing the end of the chromosome" (15), and 60 distinguishing it from a Double-Strand Break (DSB) (15, 16) . The second essential function is to replace 61 sequences lost due to incomplete replication, which is accomplished by repeat addition via telomerase 62 ((17, 18) , reviewed in (19)). Telomeres also alter the adjacent nucleosomal chromatin to silence the 63 expression of nearby genes (20, 21). However, as mutations that eliminate silencing do not cause Page 7 of 45 telomere repeats must form a new functional telomere. We therefore chose a site in the 2 kb region 3' to 140 the gal1 + gene on the right end of chromosome II (IIR), because this region is unique in the genome and 141 borders a 47 kb subtelomere-containing sequence that is repeated at both ends of chromosomes I and II 142 (44, 51, 52) . Cells that have lost most of these subtelomeric sequences are viable (52). In addition, 143 gal1 + and each gene in the 86 kb region 5' to gal1 + are not required for growth. Therefore, cleavage in 144 the 2 kb region 3' to gal1 + would cause loss of dispensable chromosomal sequences and allow the 145 formation of a large heterochromatic domain near the proto-telomere after I-SceI cutting was induced 146 and still produce viable cells. 147 A functional short telomere forms after I-SceI cleavage. Telomere formation was induced in S. 148 pombe cells containing the 48 bp proto-telomere by expressing I-SceI and monitoring the fate of the 149 ura4 + and hph + proto-telomere fragments by Southern analysis ( Figure 3A ). The uncut ura4 + -telomere 150 repeats-hph + band was visible prior to induction of I-SceI, and was replaced by the I-SceI cleaved ura4 + 151 and hph + bands over time. The ura4 + fragment was stable and increased in size and heterogeneity 152 during the experiment, as expected for the elongation of the exposed 48 bp telomere repeats ( Figure 3A) . 153
Elongation was almost certainly by telomerase as sequencing of the telomere fragments revealed that 154 addition of new telomeric repeats occurred, in all but one case, to the I-SceI cleaved proto-telomere 155 ( Figure 4A ), consistent with telomerase-mediated addition events in S. cerevisiae and mammalian cells 156 (38, 53-56). When telomere formation was performed in cells lacking telomerase RNA, the newly 157 formed telomere was stable but not elongated ( Figure 5 ). In contrast, the hph + fragment was rapidly 158 degraded ( Figure 3A ). Thus, formation of a telomere, the stable structure that "seals" the end of the 159 chromosome (15), occurs at the earliest time point tested and is independent of telomerase activity. 160
Following elongation of the telomere repeats for over 50 PDs revealed that the telomere repeat tracts 161 were stably maintained ( Figure 4B ) and reached their equilibrium final lengths by ~8 PDs (Figure 4C ). 162
The initial stability and subsequent elongation of the ura4 + -48 bp telomere band therefore show that this 163 fragment rapidly acquired the essential telomeric functions of end-capping and end-replication after I-164
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SceI cleavage, and behaved the same as short functional telomeres at chromosome ends (e.g. newly 165 formed S. cerevisiae telomeres and telomeres of cells lacking Tel1, MRX or Ku (20, 57)). 166
The I-SceI-induced DSB at the 0 bp proto-telomere had a notably different fate from the 48 bp 167 proto-telomere. The 0 bp proto-telomere strain displayed rapid cutting as demonstrated by the 168 disappearance of the ura4 + -hph + fragment, and both I-SceI-generated terminal fragments were rapidly 169 degraded ( Figure 3B ). Thus, I-SceI cutting at this locus was efficient and both sides of the DSB at the 0 170 bp proto-telomere were unstable. 171
The genomic organization of S. pombe allows the efficient healing of subtelomeric DSBs. Double-172 strand breaks cause growth arrest in S. pombe, S. cerevisiae, human cells and other model systems while 173 telomeres do not ((34, 50), reviewed in (39)). We therefore tested the effect of I-SceI cleavage at 174 centromeric lys1 + and the subtelomeric 48 bp and 0 bp proto-telomeres. As expected, cleavage at lys1 + 175 greatly impaired growth ( Figure 3C and D). In contrast, cleavage at the 48 bp proto-telomere, which 176 formed a telomere and lost subtelomeric repeated sequences, showed no detectable growth inhibition. 177 Surprisingly, cells containing the 0 bp proto-telomere cassette also showed very little growth inhibition, 178 with ~100% of the cells surviving ( Figure 3C and D), even though the ura4 + fragment had been 179 degraded in these cells ( Figure 3B ). The mechanism allowing this survival was unclear, because the 180 DSB occurred in unique sequence, not in the sequences repeated in four telomeres. 181
To determine what process allowed the efficient growth of cells bearing the DSB formed at the 0 182 bp proto-telomere, we determined the chromosomal structure of three independent survivors. 183
Phenotypic and genomic characterization revealed that the survivors had lost the hph + gene and almost 184 19 kb of DNA internal to the I-SceI cleavage site. The degradation endpoint retained the DUF999 185 protein family 7 gene (DUF999-7), a member of a gene family near the telomeres of chromosomes I and 186 II, in which all genes are transcribed toward the centromere ( Figure 6A ). We hypothesized that 187 nucleolytic degradation from the I-SceI site to the DUF999 protein family 7 gene would allow 188 recombination between gene family members to add a functional chromosomal end to IIR ( Figure 6B ), Page 11 of 45 telomere that was nearly constant from 34 to 60 PDs, followed by a significant increase by 87 PDs. A 240 second line showed an increase at 60 PDs that was maintained at 87 PDs ( Figure S2D ). In contrast, the 241 remaining two lines ( Figure 9K -N and S2E) showed a similar internal peak that increased from 34 to 60 242 PDs, followed by a significant decrease by 87 PDs. Southern analysis revealed that telomere lengths in 243 different formation experiments were indistinguishable at all of these time points ( Figure 9O and P). 244
Therefore, spreading of the telomeric H3K9me2 mark was dynamic, even though the telomere 245 maintained a constant repeat tract size during this time. 246 247
Discussion 248
We have constructed the first inducible S. pombe telomere formation system, and used it to show 249 that telomeric regions have unexpected properties in healing DSBs and in the kinetics of 250 heterochromatin domain formation and spreading. While inducing a DSB near the middle of the 251 chromosome arm caused a significant growth inhibition, DSBs in the subtelomeric region at the 0 bp or 252 48 bp proto-telomere did not ( Figure 3C and D). The 0 bp proto-telomere lacking any telomere repeats 253 showed DNA degradation on both sides of the DSB ( Figure 3B ), and revealed a backup mechanism to 254 restore telomere function by recombination between a family of subtelomeric repetitive elements ( Figure  255 6). In contrast, the 48 bp proto-telomere with telomere repeats on the centromeric-side of the DSB was 256 stable and a substrate for telomere repeat addition, behavior identical to a functional short telomere (33, 257 52, 61)( Figure 3A , 4 and 9O). Even though formation of a functional telomere was rapid, establishing 258 the telomere-dependent heterochromatin domain was much slower. The H3K9me2 domain spreads 259 gradually from 0 to 8 PDs, when telomere length reaches equilibrium state. The slow spreading of 260 heterochromatin is consistent with the facts that the essential telomere functions in chromosome stability 261 are independent of heterochromatin (22, 57), and that this heterochromatin domain is a secondary 262 consequence of telomere formation. The slow spread of the heterochromatin domain raises the 263 possibility that chromatin domain formation in other biological contexts (e.g. metazoan development, Page 12 of 45 tumorigenesis, senescence) also requires several cell divisions. After telomere repeat tracts reach their 265 final length, the size of the H3K9me2 domain remains dynamic, indicating that this extended spreading 266 is independent of telomere length. 267
The backup mechanism to rescue telomere function in response to a subtelomeric DSB most 268 likely reflects the similarities between the genome structure of S. pombe and metazoans. The three 269 nuclear chromosomes of S. pombe have complex subtelomeric regions (51), with repeats oriented in a 270 way that allowed recombination to attach or copy a functional telomere to the broken chromosome end 271 ( Figure 6 ). Mammalian genomes also contain a large number of repeats, and small deletions at the 272 border between telomeric euchromatin and heterochromatin are unlikely to cause a phenotype in diploid 273 cells, in contrast to large telomeric deletions that have developmental consequences (61-63). The S. 274 pombe results therefore suggest that a direct examination of induced DSBs near the border of the 275 mammalian heterochromatic subtelomere may reveal a similar mechanism for rescuing telomere 276
function. 277
The newly formed S. pombe telomere revealed an unusual heterochromatin domain compared to 278 the uncleaved 48 bp proto-telomeres. The uncleaved 48 bp proto-telomere showed only a peak of 279
H3K9me2 levels that were centered at the 48 bp telomere repeats (uninduced in Figure 8 and 9C), 280 consistent with the internal telomeric repeats initiating low levels of silencing (22, 23). In contrast, the 281 established telomere with a functional chromosome end formed an internal heterochromatin domain that 282 peaked from 9 to 26 kb from the telomere ( Figure 9C , G, K). The reason for this internal peak, as 283 opposed to a peak immediately adjacent to the telomere repeats, is unknown. The location of this 284 internal peak was different in cells grown in rich media versus synthetic media ( Figure 8A ), suggesting 285 that the peak location is not completely sequence dependent. This S. pombe telomere formation system 286 will thus provide a useful tool for future studies to examine the cis-and trans-acting factors that regulate 287 the positioning of this heterochromatin peak. 288
Page 13 of 45 The telomere formation system revealed a slow and dynamic spreading of the telomeric 289 heterochromatin domain that was not predicted by previous studies. In recent work where a synthetic S. 290 pombe heterochromatin domain was established by conditionally tethering the H3K9 methyltransferase 291 to an expressed gene, release of the tethered methyltransferase caused the H3K9me2 mark to be lost a 292 few hours later (~1-2 PDs)(12, 13), much faster than the 8 PDs (48 h) required to form the internal 293 heterochromatin peak ( Figure 9C ). Assembly of a transcriptionally silenced chromatin in S. cerevisiae, 294 which does not involve H3K9me2, has been monitored and also forms at a much faster rate. 295
Overexpression of a silencing protein unique to the budding yeast, Sir3, in wild type cells extended 296 existing Sir3-containing chromatin domains (30-32). An independent approach that used chemical 297 inhibition of silencing and followed its establishment after the inhibitor was withdrawn (64) showed that 298
Sir3 silent chromatin was significantly extended or re-established in these studies within ~4 hours (~1-2 299 PDs). Complete modification of the histones as a consequence of Sir3 spreading, however, did require 300 additional population doublings (30). In contrast to these events in yeasts, formation of a synthetic 301 heterochromatin domain in murine cells from a tethered silencing factor took much longer (~5 days) to 302 form the steady-state 10 kb heterochromatin domain (65). While the slower kinetics could be a 303 consequence of the murine tethering system, the S. pombe telomere formation results suggest that the 304 assembly of H3K9me2-dependent heterochromatin domains is an intrinsically slower process compared 305 to its disassembly. 306
The telomeric H3K9me2 chromatin domain formed in two distinct phases following telomere 307 formation in a wild type strain background. The first was the spreading over 8 PDs to form the domain 308
where H3K9me2 peaks near 9 kb from the telomere ( Figure 10 ), even though a substantial fraction of 309 the telomeres were already normal length by 2 PDs ( Figure 9O ). This mechanism is consistent with 310 current models of spreading (24, 40), in which the extension of the H3K9me2 modification from its 311 nucleation site (e.g. the newly formed telomere) can only occur in S-phase after DNA replication when 312 new chromatin is formed, then S-phase exit may limit the extent of heterochromatin extension for that 313
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where the internal peak of H3K9me2 chromatin from 9 to 26 kb can significantly increase or decrease. 315
How these changes occur is unknown, and could reflect methylation of the Lys9 residues on both H3 316 amino termini in the histone octamer or the presence of a subpopulation of cells in the culture that had 317 not formed this heterochromatin domain. The internal peak of H3K9me2 chromatin may be indicative 318 of a cryptic enhancer of H3K9me2 modification that is activated by this modification spreading from the 319 telomere. In these hypotheses, the changes in H3K9me2 levels occur slowly in continuously growing 320 cultures, consistent with the assembly of new chromatin every new S-phase ( Figure 10 ), although the 321 active replacement of nucleosomes by chromatin remodeling factors outside of S-phase cannot be ruled 322
out. 323
Recently, Obersriebnig et al. examined the spreading of gene silencing and the H3K9me2 324 modification in the S. pombe silent mating type region after reintroduction of the clr4 + gene into a clr4Δ 325 cell by mating. Silencing at different distances from the initiation site was monitored by following the 326 loss of expression of fluorescent protein genes for the first several generations, and H3K9me2 spreading 327 was followed ~30 divisions later by ChIP (14). Numerical modeling of the rates of spreading, assuming 328 that fluorescent protein gene silencing was due to H3K9me2 spreading, could be divided into global and 329 local effects that produced outcomes similar to their experimental observations. Spreading in the first 330 few cell divisions was consistent with a linear spreading from the initiator in the silent mating type 331 region (the cenH repeat), similar to spreading of the H3K9me2 mark from our newly formed telomere. 332
Despite the similarities of the two systems in these initial stages of spreading, it is important to note that 333 the silent mating type region is a highly specialized and well-studied structure containing initiators, 334 enhancers and boundary elements that both promote and confine heterochromatin to a defined region to 335 permanently extinguish gene expression as an essential part of the fission yeast life cycle (66-68). The 336 newly formed telomere does not contain any known elements of this type, and may be more similar to 337 the heterochromatin domain formation that occurs during development or senescence that encompasses 338
Page 15 of 45 genes that are expressed in difference cell types (5-7, 25). Additional work on the newly formed 339 telomeric H3K9me2 domain will therefore be required before a detailed comparison with the silent 340 mating type region can be made. 341
The slow extension of the H3K9me2 modification from its nucleation site (e.g. the newly formed 342 telomere) has functional consequences for the formation of larger chromatin domains, which may 343 require many cell cycles. The rate of transition from one cellular state to another during development or 344 aging would be slowed by formation of a chromatin domain. This rate may well be increased early in 345 development as oocytes have large amounts of maternally deposited histones and histone modifying 346 enzymes (69, 70), and the increased levels of chromatin components and modifying enzymes could 347 increase the kinetics of chromatin domain formation. In somatic cells where the modifiers may be at 348 lower levels, the kinetics of domain formation would be slower and may impede aging and 349 tumorigenesis. The S. pombe telomere formation system will provide an ideal model for testing these 350 The most terminal unique region of S. pombe Chr IIR was found to be the 2 kb region 3' of the gal1 + 378 gene 3'-UTR (44). The proto-telomere cassette containing ura4 + , 0 or 48 bp of telomere seeding 379 sequence, and the hph + gene encoding hygromycin resistance was constructed in the vector pRS315 by a 380 5-part recombination cloning in S. cerevisiae. The junctions between DNA fragments were verified by 381 colony PCR and the plasmids were rescued to bacteria and sequenced. Additional cloning details are 382 available upon request. The vector and its sequence have been deposited with Addgene. 383 384
Construction of the I-SceI-lys1 + Allele 385
The I-PpoI site in the plasmid pSS23 (34) was replaced by the I-SceI site by standard cloning. 386
Transformation, selection for the hygromycin resistance gene hph + , and confirmation of integration of I-387
SceI at lys1 + in S. pombe was done as before (34).
Induction of I-SceI. 390
Cells containing the telomere cassettes were grown under selection overnight and diluted to a final 391 volume of 230 ml at 5.5 x 10 6 cells/ml in non-selective media and grown for 3.75 hours. Untreated cells 392
(3-5 x 10 8 ) were removed and pelleted, washed once with sterile water and frozen at -80°C. and grown overnight in liquid EMMG. Cells were struck for single colonies on rich media and grown 431 for 3 days. The resulting colonies were tested for sensitivity to hygromycin (100 µg/ml). DNA was 432 extracted from 3 separate isolates that were sensitive to hygromycin and analyzed via PCR using 433 primers listed in Supplementary file 4 to determine which sequences had been deleted after initiating the 434 DSB at the 0 bp proto-telomere. 435
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The recombination site was determined using inverse-circle PCR. Briefly, genomic DNA from 3 438 separate isolates (5 µg) was digested with 20 units of EcoRI for 16 h at 37°C followed by inactivation at 439 65°C for 20 min. A portion of the digestion (1 µg) was diluted in a ligation reaction to a total volume of 440 200 µl using 40 units of T4 DNA Ligase (New England Biolabs) for 16 h at 18°C. The ligation was 441 ethanol precipitated and resuspended in 10 µl of 10 mM Tris-1 mM EDTA, pH 8.0. Half of the product 442 was amplified with primers 07c-2-AS-rv&compl + BsrDI-map-AS and the product was sequenced with 443 the same primers (Supplementary file 4) . The resulting sequence was subjected to BLAST analysis and 444 aligned to the S. pombe genome (44). 445 446
Silencing Assay 447
Cells containing the telomere cassettes were grown under selection overnight. Cells were then 448 transferred to 5 ml of non-selective media at a concentration of 5.5 x 10 5 cells/ml and allowed to recover 449 for 3.75 h before addition of ahTET (9 µM final concentration). Cells (1 x 10 6 ) were collected before 450 and after overnight induction with ahTET and 5 x 10 5 cells were plated in five-fold serial dilutions on 451 plates with the media indicated and grown for 3 or 4 days at 30°C. 
ChIP Assay 464
Cells in 300 ml at 0.8-1.2 OD 600 were cross-linked with 1% formaldehyde, and washed twice with cold 465 HBS buffer (50 mM HEPES-NaOH pH 7.5, 140 mM NaCl). Cell pellets were stored at -80°C. For a 466 saturated culture, cells were diluted to the above OD 600 for cross-linking. At 2 PDs, cells were struck for 467 single colony on rich media for 3-4 days. The resulting colonies were tested for sensitivity to 468 hygromycin (100 µg/ml). A hygromycin-sensitive colony was inoculated in non-selective EMMG with 469 ahTET and cells from serial dilutions were collected for analysis. All subsequence steps were 470 performed at 4°C. Cell pellets were resuspended in ChIP-lysis buffer (78) and lysed using mechanical were calculated using the delta-delta-Cq method for each locus at each time point, as followed for a 495 locus of interest (loi), 496
where 498
A = Cq Input -log 2 (DilutionFactor). 499
Then FE of the loi was normalized to FE of act1 + to generate the final Fold Enrichment of H3K9me2 at 500 each locus. 501 502 Acknowledgements 503
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Genomic DNA was prepared and assayed for cleavage at the I-SceI site by qPCR using primers across 722 the site (denoted by black arrows) and normalizing to the production of a similarly sized fragment at 723 his3 + (as in (34)). The average values of two independent experiments (where each qPCR is performed 724 in triplicate for each experiment) and the SEM are shown. About 75% of the sites are cleaved by 40 min 725 in this assay. We note that this assay cannot distinguish between sites that were never cut and those that 726 were cut and then ligated back together with or without mutation of the site. After induction of I-SceI, cells were grown for multiple PDs in liquid culture with 9 µM ahTET by serial 778 dilution, and samples from different time points were processed for Southern blotting using ura4 + as 779 probe as in Figure 3A . These data reveal that cells with an uncleaved proto-telomere had a growth 780 advantage over cells with the new telomere, such that the cells with the uncleaved proto-telomere 781 increased in proportion as cell grew. The uncleaved proto-telomeres most likely resulted from cassettes 782 that were cut and healed by a DNA repair event that eliminated the I-SceI site. The region near DUF999 protein 7 gene that is just internal to the 0 bp proto-telomere insertion site is 796 expanded, showing the relative position of the proto-telomere and the distance of different primer pairs 797 (shown as red bars) from the I-SceI site. A "+" indicates that a PCR product was obtained from each of 798 the three surviving cleaved 0 bp proto-telomere strains tested and a "-" indicates that a product was not 799 obtained. The DUF999 protein 7 gene was the closest gene to the degradation endpoint. (B) A 800 hypothesis to explain how the DUF999 gene family can provide a backup mechanism to rescue a 801 DSB near the subtelomere. After induction of a DSB at the 0 bp proto-telomere, DNA is degraded at 802 both ends ( Figure 3B ). The generation of degraded DNA in the DUF999 family protein 7 gene can 803 produce a recombinogenic DSB that can undergo recombination with other DUF999 genes (purple box) 804
to acquire a new telomere. To test this hypothesis, we performed inverse circle PCR (see Materials and 805
Methods) and determined the sequences that had been fused to the DUF999 protein family 7 gene. We 806 found a recombination donor that could be from DUF999 protein family 3, 6 or 8. (C) PCR to confirm 807 the recombination event. DUF999 family proteins 6 and 8 have a unique region (red box) that is 808 absent from the DUF999 family protein 3 gene region. PCR using a specific primer to this region (red 809 arrow) and a unique primer at DUF999 protein family 7 (black arrow) revealed that the three strains that 810 survived the induction of the DSB (the 0 bp survivors) were generated from the recombination between 811 DUF999 protein family 7 gene and DUF999 protein family 6 or 8 genes. The sequence between 812 DUF999 protein family 6 and its telomere is nearly identical to the sequence between DUF999 protein 813 family 8 and its telomere, and thus the recombination event that rescued the DSB was not pursued 814 rich medium (YES + 3% glucose) for 50 PDs after induction, which both peak at the 26 kb locus. In 829 contrast, cells grown in synthetic medium (EMMG with uracil + 2% glucose)(bottom) have the highest However, the amount of spreading still varies as cells continue to grow, even though telomere repeat 878 tract length is constant. These increases may reflect more cells where both N-termini of histone H3 are 879 modified by lysine 9 dimethylation, a larger fraction of cells in the culture that have this modification at 880 these loci or both. 881
